Background: Ultrahigh-field MRI at 8 T offers unprecedented resolution for imaging brain structures and microvasculature.
Introduction
Ischemic stroke is a common health problem and the leading cause of disability. Magnetic resonance-based techniques provided evidence that small-vessel cerebrovascular disease, a common cause of stroke, is frequent among otherwise healthy older adults. Elevated levels of plasma iron, hemorrhages and intraparenchymal hemosiderin deposits are associated with aging, progression of neuro-logical disorders [1] and adverse outcome after stroke. Periventricular hyperintensities are common findings on T2-weighted MR images in elderly people [2, 3] . Evidence exists that subcortical hyperintensities reflect areas of hypoperfusion, arising as a consequence of longstanding effects of vascular risk factors on cerebral microvasculature [4] [5] [6] . Silent infarctions that are revealed on routine MR images of 28% of the elderly and 68% of stroke patients [7] support this notion. Ultrahigh-field MRI at 8 T provided a high signal-to-noise ratio and an unprecedented resolution for structural and
Subjects
Studies were conducted in the Center for Advance Magnetic Resonance Imaging and at the Autonomic Nervous System Laboratory at the Department of Radiology and Neurology at The Ohio State University. All subjects signed informed consent approved by the OSU Institutional Review Board. An FDA exemption for use of an investigational device was obtained. Stroke patients participating in this 8-T MRI study were selected from a larger cohort evaluating the effects of a minor chronic ischemic stroke on cerebral vasoregulation [15] . All subjects were screened using a detailed protocol including medical history, routine laboratory examinations, transcranial Doppler evaluations and 24-h ambulatory blood pressure monitoring. A normal carotid Doppler ultrasound study (AU5 Biosound Esaote) was required for participation.
Stroke group
Seventeen subjects (12 women and 5 men), mean age of 51.3±6.8 years with a history of ischemic stroke or transient ischemic attack (TIA), were studied. Subjects were included if they had a minor stroke affecting <1/3 of vascular territory resulting in a minor neurological deficit (Modified Rankin Score Scale <3), and were at least 2 months after an acute stroke. All subjects had routine CT or 1.5-T MRI imaging studies during their clinical workup. The 8-T MRI was not done in acute phase. Upon admission, 5 subjects were diagnosed with TIA and 12 subjects with ischemic stroke. Subjects with hemorrhage, bioimplants, diabetes, arrhythmias, cardiac and renal disease other than hypertension were excluded. Ten subjects were normotensive, seven were treated for hypertension, one for Parkinson's disease. Antihypertensive and anticoagulant medications were allowed during the MRI studies.
Results
For all stroke subjects, MRI findings at 1.5 and 8 T, presenting clinical symptoms, stroke etiology and comorbidity, are summarized in the Table 1 . Infarctions were recognized on both 8-and 1.5-T images as sharply demarcated areas of high-signal intensity, located in the gray matter, white matter and basal ganglia. The 8-T GE images showed the greater number of infarctions (N=21) compared to the 1.5-T images (n=14) (P<.003) ( Table 2 ). On 8-T images, cortical infarctions appeared extended into the white matter and were surrounded by areas of low-signal intensity, indicative of iron and blood product deposits. Small arteries and veins were seen as dark lines with low, but homogenous, signal intensity at 8-T GE images with TE>4 ms. Vascular patterns appeared more prominent in the infarcted compared to the noninfarcted hemisphere. Small vessels were visualized supplying or terminating within the infarctions. On some 8-T GE images, these vessels appeared bright with high, but inhomogeneous, signal intensity compared to the normal vessels and the surrounding tissue. Subcortical hyperintensities were visible on the 8-T images within the periventricular white matter, the basal ganglia and the corona radiata that were not apparent on the 1.5-T images. Incidental angiomas and venous cavernomas, iron deposits (perivascularly and within brain tissue), and calcification of the falx cerebri were seen on 8-T images that were not apparent on 1.5-T images. Case 1 documents findings of a "silent" angioma at the site of a subsequent hemorrhagic stroke. Figs. 1-7 illustrate findings on 1.5-and 8-T MRI, highlighting the relationship of infarcts to microvasculature, the details of the infarct site and incidental vascular lesions. Fig. 1 shows 8-and 1.5-T MR images that were acquired from a 40-year-old woman 1 year after the acute ischemic stroke that presented as expressive aphasia, right-sided numbness that resolved with a minor deficit ( Table 1 , case 1). The cortical left temporal infarct and old left parietal and left frontal infarcts were seen on the axial slices through the cortex on the 1.5-T T1-weighted FSE (A, D) and T2-weighted FSE (G) images, as well as on the 8-T GE (B, E) and 8 T RARE (H) images. The 8-T GE magnitude images (B, E) were processed using the phase enhancement method [14] to create the phase images (C, F). The left temporal infarct had a typical V shape on both 1.5-and 8-T images. Both magnitude and phase GE images at 8 T showed hemosiderin deposits surrounding the infarction. Medullary veins had normal, signal-void pattern, perpendicular to the ventricles. Phase images (C, F) showed that vascular patterns in the infarcted hemisphere were more prominent compared to the noninfarcted hemisphere and displayed venous drainage to the left parietal infarction. Delineation between the gray and white matter and vascular patterns were enhanced on the 8-T phase images compared to magnitude images. High-resolution axial 8-T GE magnitude images (Fig. 2) display the details of the left temporal and parietal infarcts described in Fig. 1 . The infarction is surrounded by a low-signal intensity area, suggestive of intraparenchymal iron deposits (A-D). Normal-appearing medullary veins were seen as linear signal voids perpendicular to the ventricle (C). Small vessels crossing or adjacent to the infarctions (C, D) appeared prominent compared to vasculature in the noninfarcted hemisphere, which may be suggestive of blood flow alteration or a higher deoxyhemoglobin content (D-F).
The 1.5-and 8-T MRI of stroke
The subject suffered from the second hemorrhagic cortical stroke 2 years later and was imaged with 1.5-T MRI only. Fig. 3 shows an axial 1.5-T FSE T2-weighted image of the left hemispheric infarct (A). We have reviewed 8-T GE images that were obtained 2 years prior to this event. High-resolution 8-T GE slices through the cortex (B-D) revealed a cortical angioma in the location of the second hemorrhagic infarct. The angioma-feeding vessel appeared hyperintense with a low-signal intensity border. Punctuate white matter lesions (3−4) were seen scattered within this area. A distended superficial cortical vein was clearly visible in the left temporal region. Fig. 4 shows comparisons of 1.5-T FLAIR and T2-weighted FSE and 8-T GE and RARE images that were acquired from a 63-year-old woman 2 months after a transient episode of right-face and a right-upper extremity weakness ( Table 1 , case 2). The 1.5-T FLAIR (A) and the T2-weighted FSE (C) images at the level of ventricles were unremarkable, except for few small white matter changes in the corona radiata and the pons. Left temporal hemorrhagic infarction was seen on the 8-T GE (B) and the RARE (D) slices as a characteristic high-signal intensity area with a low-intensity border. On the 8-T RARE images, the infarction appeared to extend into the white matter. An incidental venous angioma (E, F) in the right periventricular white matter was seen on the 8-T GE images, which was not apparent on 1.5-T images.
Microvascular patterns in the infarcted hemisphere
The relationship of the lacunar infarctions and penetrating small vessels is demonstrated on the high-resolution 8-T GE and RARE images ( The proximal segment appears as a dark line of the signal "void," typical for normal blood flow that is replaced by high-signal intensity in a distal segment. The vessel terminates in a high-signal intensity area, suggestive of a lacunar infarction. Fig. 5 D is an 8-T RARE image that shows both infarcts, the vessel with mixed signal intensity and punctuate white matter changes. The 1.5-T MRI was not repeated. The pattern of vessels with inhomogeneous signal intensity was distinct from characteristic "signalvoid" vessels that has been demonstrated in healthy volunteers. Fig. 6 shows six high-resolution 8-T MR GE images (A-F) demonstrating microvascular patterns associated with the right basal ganglia embolic infarct in a 51-year-old man (Table 1 , case 4). Fig. 6A and B illustrates the small vessel terminating within the lacunar infarct. Punctuate foci of low-signal intensity that are seen at the endings of this vessel are suggestive of hemosiderin residuals following an embolic event. Another vessel with a higher signal intensity that is surrounded by a low-signal intensity area is seen laterally to the infarction (A). Fig. 6D -F demonstrates communicating branches of the right middle cerebral artery. Additional minute white matter hyperintensities within the right temporal region are suggestive of the small-vessel disease. The 1.5-T comparisons of this case and the case 11 have been reported [16, 17] .
Infarct site
The high-resolution 8-T RARE image at the level of the ventricles shows details of the left basal ganglia infarction. The 8-T images were acquired 6 months after an acute stroke, from a 45-year-old man with a history of the right-sided hemiplegia (Fig. 7) (Table 1, case 5) . Initial 1.5-T scans were not repeated. The left basal ganglia infarct was seen as a high-intensity signal area, adjacent to the ventricle. A low-signal intensity area, surrounding the infarct, extended into the white matter. Two low-signal intensity areas within the infarct, adjacent to the ventricle, were suggestive of hemosiderin deposits. Punctuate areas of high-signal intensity were suggestive of infarct consolidation and vacuolization. Small vessels that were visible within the infarcted area had a characteristic low-signal intensity appearance and similar size as cortical vessels within noninfarcted regions.
The 8-T images (1) documented more infarctions compared to 1.5-T images, (2) revealed details of the infarct site, (3) illustrated perivascular and intraparenchymal iron deposits, (4) showed the asymmetry in vascular patterns in the infarcted compared to the noninfarcted hemisphere and (5) documented angiomas at the site of a subsequent stroke.
Discussion
Ultrahigh-field MRI at 8 T provided new insights into stroke imaging. The 8-T MR images demonstrated infarctions with unprecedented resolution, and revealed lesions that were not apparent at the 1.5-T MRI. The 8-T images have shown a relationship between infarctions and microvasculature, prominent vascular patterns in the infarcted hemisphere and hemosiderin deposits perivascularly and within brain tissue. The chronic infarctions appeared on 8-and 1.5-T images as sharply demarcated areas of high-signal intensity. The infarct size and location were similar on both MR modalities, despite the fact that the 8-T images were GE and the 1.5-T images were FSE. The 8-T images are, in part, T2 weighted. Due to the very short T2 relaxation times at high field, these short TE times are actually associated with greater T2-weighting at the ultrahigh magnetic field.
The areas of low-signal intensity, assumed to reflect hemosiderin deposits, surrounded the infarctions, extending beyond the infarct site into gray and white matter. These signal-void areas were more prominent on the 8-T compared to the 1.5-T images. It is not clear if this phenomenon is related to the product tracings along the perivascular spaces [16] or blood product deposits associated with blood-brain barrier breakdown in the occluded vessel territory. Embolic etiologies of stroke were indicated by the signal-void endings of the vessels terminating in the lacunar infarctions and in the punctuate white matter lesions (Fig. 6B) . Atherothrombotic etiologies were indicated by hyperintense cortical penetrating vessels terminating within the lacunar infarctions. In these vessels, a normal low signal was replaced by a high signal in a segment proximal to the infarction. This pattern of signal intensity may reflect differences in magnetic susceptibility of the local field reflecting hyalinic transformation of the vessel wall, and/or arose from blood flow alterations. Iron deposits have been associated with Alzheimer's disease, Parkinson's disease, multiinfarct dementia and adverse outcome after strokes [1] . Visualization of microvessels and tissue iron deposits can be helpful for the diagnosis of small-vessel atherosclerosis [18] . Quantification of tissue iron may serve as a marker of small-vessel disease, indicating an increased permeability of the blood-brain barrier with small-vessel disease and after a stroke.
The 8-T images have shown prominent laterality of vascular patterns in the infarcted compared to the non-infarcted hemisphere, suggesting greater deoxyhemoglobin effects in the infarcted hemisphere. This notion is supported by blood flow asymmetry on transcranial Doppler recordings, obtained from this cohort that showed slower blood flow velocities, and reduced vasomotor reactivity in the middle cerebral arteries in infarcted hemispheres [15] . Angiographic findings suggested that laterality of the posterior cerebral artery has indicated presence of collateral flow in patients with the middle cerebral artery occlusions [19] . The 8-T images revealed angiomas and cavernomas that were not apparent on the 1.5-T images or appeared smaller. In one case, an incidental angioma seen on the 8-T images is in the location of the future hemorrhagic stroke (Fig. 3) .
Ultrahigh-field MRI can generate greater resolution and higher signal-to-noise contrast for imaging of venous structures within brain tissue, based on blood oxygenation level-dependent (BOLD) contrast [20] . The 8-T GE sequences with relatively short echo times (TE<10 ms) have been shown to be very sensitive to brain structures containing significant concentrations of paramagnetic materials, including deoxyhemoglobin contrast in venous blood and iron in the deep gray matter nuclei [10, 21] . This property has been demonstrated in healthy volunteers [22] , as well as in patients with stroke [17] and hypertension [12] . However, venous imaging is not a unique feature of the ultrahigh-field MRI, and high-resolution BOLD-venographic images have been obtained at 1.5 and 3 T [23] [24] [25] . This technique uses negative and positive phase image processing to suppress the arteries and to better delineate conspicuity of the vessel network within the brain parenchyma [24] . Intracranial and cervical time-of-flight angiography [26] , recently implemented at 3T, has demonstrated improved image quality and higher sensitivity for depiction of intracranial aneurysms compared to the 1.5 T [27] . Regional blood flow increases in response to greater neuronal activity are associated with an increase of oxyhemoglobin and a relative reduction of deoxyhemoglobin. At 7 T, these features enabled generation of high-resolution functional blood flow augmentation maps that provided high spatial accuracy of functional and anatomical areas of interest [28, 29] .
There are some limitations for clinical imaging at ultrahigh magnetic field. The signal can be lost as a result of an increase in magnetic susceptibility artifacts and changes in relaxation times (longer T1 times, shorter T2 and T2* times) [30, 31] . Susceptibility artifacts, increasing with the field strength, may affect image quality, and in some cases, even preclude detailed evaluations of the areas closer to the sinuses. Nonetheless, methods do exist to overcome macroscopic susceptibility distortions, although these may also result in loss of the desired imaging contrast. In addition, current radiofrequency coils do not produce a perfectly homogeneous field and required to be tuned individually for every subject, prolonging the preparation time. At present, venous and arterial vasculature cannot always be well differentiated on 8-T GE images. Implementation of time-of-flight MRA and contrast agents may overcome this limitation. With increasing signal-to-noise ratio, however, the higher quality imaging could be achieved because of the smaller voxel sizes and faster acquisition times. Exclusion of subjects with any bioimplants may limit clinical studies in older people. This study was focused on chronic infarctions and the procedure was well tolerated by the subjects. The 1.5-T MRI was not repeated in all subjects.
In summary, this study provided systematic insights into the clinical imaging at ultrahigh magnetic field, and demonstrated feasibility of 8-T MRI for stroke imaging. The 8-T images have demonstrated (1) a greater number of observed infarctions compared to 1.5-T MRI, (2) patterns of microvasculature associated with lacunar infarctions and (3) details of infarct site with an unprecedented resolution. High-field MRI has high susceptibility to iron-related products that provides a unique opportunity to track iron depositions. A general relationship among infarctions, iron deposits and microvasculature warrants more extensive investigations and therapeutic interventions given their importance for neurological disorders and stroke. Axial slices through the cortex show the left temporal infarct (black arrow) with iron deposits surrounding the infarct site, the old parietal infarct (black thin arrow) on the 1.5-T T1-weighted FSE images (A, D), 8-T GE magnitude images (B, E) and the corresponding phase images (C, F). Asymmetry of the vascular supply in the infarcted and noninfarcted hemispheres, and venous drainage to the left parietal infarction are better seen on the 8-T GE phase images (C, F). The 1.5-T T2-weighted FSE image (G) and 8-T RARE image (H) reveal of the left frontal, temporal (black arrow) and parietal infarcts (black thin arrow). The 8-T GE: BW=50 kHz, FOV=20×20 cm 2 , slice thickness=5.0 mm, TR=528.3 ms, TE=7.0 ms, matrix 512×340, flip angle=20°. The 8-T RARE: BW=69.4 kHz, FOV=20×20 cm 2 , slice thickness=2 mm, TR=3000 ms, TE=2 ms, matrix 512×512, flip angle=68°. The 1.5-T T1-weighted FSE: slice thickness 5 mm, TR=500 ms, TE=14 ms, FOV=22×22 cm 2 , matrix=256×192, number of slices=16; 1.5-T T2-weighted FSE: slice thickness=5 mm, TR=7000 ms, TE=105 ms, FOV=22×6 cm 2 , matrix=128×128, number of slices=16.
Fig 2.
High-resolution axial 8-T GE slices display details, consolidation and venous drainage of the left temporal (A-D) and parietal infarctions (E, F), shown in Fig. 1 . Infarctions with high-signal intensity are surrounded by a low-signal intensity area, suggestive of iron deposits extending into the white matter. Normal-appearing medullary veins and cortical penetrating veins are seen as signal voids (white arrow). Details of vascular patterns in the left parietal infarction are seen on slices E and F. The 8-T GE: BW=69.4 kHz, FOV=20×20 cm 2 , slice thickness=2.3 mm, TR=602.7 ms, TE=10.0 ms, matrix=1024×1024, number of slices=18. Axial 1.5-T FLAIR image of the second subacute left hemorrhagic hemispheric infarct (A) (black arrow). High-resolution 8-T GE images (B-D) that were obtained 2 years prior to acute event show an angioma in the same location (white arrow), prominent superficial and scattered punctuate white matter changes (black arrow) (C). The angioma feeding vessel shows a highsignal intensity surrounded by a low-signal intensity rim, suggestive of iron deposits. The 8-T GE: BW=69.4 kHz, FOV=20×20 cm 2 , slice thickness=2.3 mm, TR=602.7 ms, TE=10.0 ms, matrix=1024×1024, N=18. The 1.5-T FLAIR: slice thickness=5 mm, TR=10000 ms, TE=140 ms, inversion time, TI=2200, matrix=192×256, number of slices=16. The 1.5-T FLAIR (A) and T2-weighted FSE (C) images at the level of the ventricles were unremarkable. The 8-T GE image (B) shows the left temporal hemorrhagic infarct as a highsignal intensity area (black arrow) with a low-signal intensity boundaries. The infarction appeared larger on the 8-T RARE image (D). The 8-T GE images (E, F) show an incidental angioma (white arrow) in the right periventricular white matter that was not apparent on the 1.5-T images. The 8-T GE: BW=50 kHz, FOV=20×20 cm 2 , slice thickness=5 mm, TR=750 ms, TE=10 ms, matrix=512×512. The 8-T RARE: BW=50 kHz, FOV=20×20, slice thickness=5 mm, TR=750 ms, TE=10 ms, matrix=512×512. The 1.5-T FLAIR: TR=4000 ms, TE=148.5 ms. The 1.5-T T2-weighted FSE: TR=5417 ms, TE=104 ms. High-resolution axial 8-T GE slices show the left temporal lacunar infarction (A-C) as highsignal intensity area and normal-appearing penetrating vessels as linear signal voids. Panel C shows the cortical vessel with inhomogeneous signal intensity (white arrow) (C). This vessel terminates in a high-signal intensity area, suggestive of the second lacunar infarction (black arrow). The normal pattern of signal void is replaced in a distal vessel segment by high-signal intensity. The 8-T RARE image (D) shows both infarctions (black arrows), cortical vessel with inhomogeneous signal (white arrow) and additional punctuate white matter changes (black diamond). Gradient echo and RARE images were acquired with the following parameters: GE: BW=69.4 kHz, FOV=20×20 cm 2 , slice thickness 2.3 mm, TR=600 ms, TE=10 ms, matrix 1024×1024; RARE: BW=69.4 kHz, FOV=20×20 cm 2 , slice thickness=2 mm, TR=3000 ms, TE=22 ms, matrix=512×512, RARE factor 4. The 8-T GE slices (A-F) demonstrate vascular supply to the lacunar infarctions and vascular patterns in the infarcted region. A small vessel is seen terminating within the lacunar infarction (black arrow) (A), ending with the low-signal intensity foci (A, B). A cortical penetrating vessel with the lumen of high-signal intensity and the low-signal intensity edge (white empty arrow) is seen in this region (A, F). Punctuate areas of signal hyperintensity, suggesting white matter changes (black diamonds) and small infarctions, are seen in this area (black arrows) (A-C). Branches of the right middle cerebral artery supplying the infarcted area appeared prominent (D-F). A larger area of low signal suggestive of iron deposits extends beyond infraction into the basal ganglia. The 8-T GE: BW=50 kHz, FOV=20×20 cm 2 , slice thickness=3.0 mm, TR=800 ms, TE=20 ms, matrix=1024×1024 (in-plane pixel size, 195 μm). An axial 8-T RARE image at the level of the ventricles shows the infarction in the left basal ganglia (black full arrow). A low-signal intensity area surrounding the infarction and two smaller areas within the infarction suggest of hemosiderin and blood product deposits (black diamond). High-signal punctuate areas within the infarct are suggestive of infarct consolidation and vacuolization (white empty arrow). Small vessels are visible within the infarction as lines of signal void (white arrow). The 8-T RARE: BW=50 kHz, FOV=20×20 cm 2 , slice thickness=2 mm, TR=2500 ms, TE=20 ms, matrix=512×512. 
